The lysosomal storage disease cystinosis, caused by cystinosin deficiency, is characterized by cell malfunction, tissue failure, and progressive renal injury despite cystine-depletion therapies. Cystinosis is associated with defects in chaperone-mediated autophagy (CMA), but the molecular mechanisms are incompletely understood. Here, we show CMA substrate accumulation in cystinotic kidney proximal tubule cells. We also found mislocalization of the CMA lysosomal receptor LAMP2A and impaired substrate translocation into the lysosome caused by defective CMA in cystinosis. The impaired LAMP2A trafficking and localization were rescued either by the expression of wildtype cystinosin or by the disease-associated point mutant CTNS-K280R, which has no cystine transporter activity. Defective LAMP2A trafficking in cystinosis was found to associate with decreased expression of the small GTPase Rab11 and the Rab7 effector RILP. Defective Rab11 trafficking in cystinosis was rescued by treatment with small-molecule CMA activators. RILP expression was restored by up-regulation of the transcription factor EB (TFEB), which was down-regulated in cystinosis. Although LAMP2A expression is independent of TFEB, TFEB up-regulation corrected lysosome distribution and lysosomal LAMP2A localization in Ctns ؊/؊ cells but not Rab11 defects. The up-regulation of Rab11, Rab7, or RILP, but not its truncated form RILP-C33, rescued LAMP2A-defective trafficking in cystinosis, whereas dominant-negative Rab11 or Rab7 impaired LAMP2A trafficking. Treatment of cystinotic cells with a CMA activator increased LAMP2A localization at the lysosome and increased cell survival. Altogether, we show that LAMP2A trafficking is regulated by cystinosin, Rab11, and RILP and that CMA up-regulation is a potential clinically relevant mechanism to increase cell survival in cystinosis.
Lysosomal storage disorders (LSDs), 3 a group of ϳ50 rare inherited metabolic diseases caused by defects in lysosomal function, are characterized by lysosomal overload and by several associated cellular defects, including increased endoplasmic reticulum (ER) stress, defective autophagy, and cell death. Although individually the incidence of LSD occurrence is ϳ1:100,000, the incidence, as a group, is about 1:5,000. Cystinosis is a LSD caused by genetic defects in the CTNS gene, which codes for cystinosin, the lysosomal cystine transporter (1) . These defects cause the anomalous accumulation of the amino acid cystine in lysosomes leading to cell malfunction affecting kidneys, eyes, muscle, liver, and brain (2) . As with most LSDs, this leads to a slow but irreversible deterioration, organ dysfunction, and death. The treatment of choice for cystinosis is cysteamine, which reduces the intra-lysosomal level of cystine, retards the rate of glomerular deterioration, and improves linear growth in children with cystinosis. However, even treated patients eventually need transplantation and have a short life expectancy. Thus, despite the efficiency of cysteamine in decreasing lysosomal overload, cell malfunction, progressive renal injury, and tissue failure occur despite cystine depletion therapy (3) , suggesting that cystine accumulation is not the only cause for all the defects in cystinosis (3, 4) .
CTNS encodes a 367-amino acid protein with seven-transmembrane domains. Several mutations in the CTNS gene have been associated with the development of three different onsets of cystinosis. The most severe form, infantile cystinosis, is manifested early in life and is characterized by the development of renal Fanconi syndrome and early kidney and corneal complications. In addition, cystine accumulation in patients with infantile cystinosis eventually leads to retinal, endocrinological, hepatic, gastrointestinal, muscular, and neurological anomalies (5) . The juvenile form of the disease is manifested by an onset of photophobia and defective glomerular function during adolescence. Finally, ocular non-nephropathic cystinosis is characterized by mild photophobia without renal anomalies. An extensive and comprehensive genetic correlation between mutations in the CTNS gene, the cystine transporter activity of cystinosin, and the clinical manifestations of the disease have been previously described by Antignac and co-workers (5) . Interestingly, although most genetic defects leading to loss-of-function cause the more severe form of the disease, infantile cystinosis, some mutants with abolished cystine transport activity are associated with the milder phenotype of juvenile cystinosis (5) . These data suggest that CTNS may carry out currently unknown functions that are relevant for disease development.
Autophagic pathways are essential cellular processes that consist of the digestion of cellular components through lysosomal degradation (6) . Under resting conditions, autophagy represents a quality control mechanism that ensures degradation of long-lived proteins and damaged organelles. However, in response to different stresses, including starvation, the activation of these pathways also promotes cell survival by providing cells with amino acids and nutrients (7) . CMA is a selective form of autophagy through which specific cytoplasmic proteins containing a recognition motif (biochemically related to the pentapeptide KFERQ) are bound by a cytoplasmic chaperone complex and delivered to a lysosomal receptor, which mediates the translocation of these CMA substrates into the lysosomal lumen for degradation (8) . To date, the only known lysosomal receptor for CMA is LAMP2A, one of the three spliced variants encoded by the lamp2 gene and the only isoform required for CMA function (9, 10) . LAMP2A is dispensable for other types of autophagy (9 -11) . Substrate binding to LAMP2A is limiting for CMA, and cells use changes in LAMP2A levels to up-regulate or down-regulate CMA (9, 10, 12) . Changes in the rate of LAMP2A synthesis, its regulation by degradation, and its subcompartmentalization and organization at the lysosome all contribute to modulation of CMA activity (8) . However, the exact mechanisms regulating LAMP2A trafficking, dynamics changes at the lysosomal membrane, and lysosomal localization are not completely elucidated.
CMA accounts for the digestion of a significant amount of the proteome (8) and is particularly important in protein elimination under oxidative stress, a condition markedly elevated in cystinosis (4, 13, 14) . Defective CMA is directly linked to human disease, including kidney pathologies (15) (16) (17) , an organ in which CMA is markedly active (15, 18) . In previous studies, we revealed a defective mechanism of CMA in cystinosis (19) . We showed abnormal expression levels and localization of the CMA receptor LAMP2A in cystinotic cells and defective lysosomal degradation of CMA substrates in cystinotic lysosomes. Defective CMA was rescued by expression of wild-type cystinosin but not by treatment with cysteamine, although both approaches significantly decreased lysosomal overload (19) . Thus our data showed that CMA impairment is an important contributor to the pathogenesis of cystinosis by a mechanism that is independent of lysosomal overload (19) , highlighting a possible role of CTNS independent of its cystine transporter activity and underlining the need for complementary treatments to substrate-depletion therapies in cystinosis. In this work, we characterize a novel mechanism of CMA regulation by CTNS, which facilitates LAMP2A trafficking, lysosomal localization, and function. Furthermore, we present evidence that treatment with small-molecule CMA activators increases survival of cystinotic cells independently of lysosomal overload, thus highlighting possible novel treatments for cystinosis through improvement of CMA.
Results
Cystinotic cells are characterized by mislocalization of the CMA receptor, LAMP2A, with normal LAMP1 distribution at lysosomes and impaired CMA activity (19) , but in vivo defective mislocalization of LAMP2A has not been demonstrated, and the discrete steps during CMA-mediated substrate processing that are impaired in cystinosis have not been elucidated. Here, we first analyzed LAMP2A distribution in disease-relevant kidney proximal tubule cells, the main target of cystinosis. In Fig.  1A , we show that proximal tubule cells from Ctns Ϫ/Ϫ mice show apical distribution of LAMP2A but the absence of the lysosomal protein in basal areas of the proximal tubule cells. To determine whether LAMP2A mislocalization is associated with the deficient processing of CMA substrates, we next analyzed endogenous levels of the CMA substrate GAPDH by quantitative immunofluorescence analysis. In Fig. 1B , we show CMA substrate accumulation in tissues from Ctns Ϫ/Ϫ mice indicating, for the first time, abnormal CMA in CTNS-deficient proximal tubule cells. Next, we use a quantitative super-resolution microscopy approach to study the defective LAMP2A localization at the lysosomal membrane. We show that LAMP2A localizes at micro-domains that are characterized by the adjacent distribution of LAMP1 in wild-type cells (Fig. 1C ). Next, we demonstrate that in cystinotic cells, LAMP2A localizes at micro-domains that are different from those enriched in the lysosomal membrane-associated protein LAMP1 (Fig. 1C ). To unequivocally determine the localization of LAMP2A relative to LAMP1, quantitative analysis after drift correction indicates that although Ͼ50% of LAMP2A molecules are located at distances that are Ͻ100 nm from LAMP1-positive micro-domains in wild-type cells, cystinotic cells show a significantly decreased number (Ͻ20%) of LAMP2A molecules present at these lysosomal membrane micro-domains ( Fig. 1D ).
Because the correct distribution of LAMP2A at the lysosomal membrane and its proper molecular multimerization and association with lysosomal membrane proteins regulate its susceptibility to degradation and function (20) , we next hypothesized that the defective lysosomal distribution of LAMP2A in cystinotic cells may lead to impaired substrate internalization into the lysosome. To determine whether CMA defects in cystinosis is caused by impaired translocation of the CMA substrate into the lysosomal lumen due to decreased LAMP2A, we analyzed CMA activity ( Fig. 1E, red box) and CMA substrate translocation into the lysosomal lumen ( Fig. 1E , green box) using an assay that is considered the gold standard for testing CMA (21) . We optimized this assay to obtain CMA-active lysosomes, whose integrity was verified by measuring ␤-hexosaminidase activity in purified lysosomes compared with burst lysosomes, as described previously (19) . In the presence of functional intraluminal proteases, internalized substrate is readily degraded, and therefore external, membrane-bound, and undigested internalized GAPDH can be detected in the full reactions ( Fig. 1E, red box) . For translocation assays, lysosomes are incubated with GAPDH in the presence or absence of protease inhibitors and spun down before analysis. Lysosomal membrane-bound and translocated substrate is accumulated in the presence of protease inhibitors ( Fig. 1E, green box) . Thus, the ratio between the amount of pelleted GAPDH in the presence of protease inhibitors versus the amount in the absence of proteases reflects the rate of substrate translocation into the lysosomal lumen. Importantly, the expression levels of LAMP2A are decreased in Ctns Ϫ/Ϫ lysosomes purified from mouse liver (19) . First, we confirmed defective CMA in cystinotic lysosomes using the full reaction ( Fig. 1F ). Next, to define whether impaired CMA could be caused by defective binding or translocation of the CMA substrates, intact lysosomes were incubated with the CMA substrate GAPDH and pelleted, and the levels of lysosome-associated GAPDH were evaluated in the presence or absence of protease inhibitors. As shown in Fig. 1G , the levels of GAPDH associated with WT lysosomes were increased in the presence of protease inhibitors compared with full reactions, indicating active substrate internalization. In contrast, although in full reactions the levels of GAPDH bound to Ctns Ϫ/Ϫ lysosomes were similar to those bound to WT lysosomes, the amount of GAPDH associated with Ctns Ϫ/Ϫ lysosomes increased only slightly in the presence of protease inhibitors ( Fig. 1G ), indicating that cystinotic lysosomes are characterized by functional binding but impaired translocation of CMA substrates. Of note, impaired substrate degradation by lysosomes from Ctns Ϫ/Ϫ cells is not caused by defective lysosomal proteases (19) . Altogether, our data show for the first time that impaired localization of LAMP2A at the lysosomal membrane in cystinotic cells is associated with defective substrate translocation into the lysosomal lumen.
CTNS expression but not treatment with cysteamine rescued the localization of LAMP2A at the lysosomal membrane (19) , suggesting that CTNS may directly regulate LAMP2A trafficking. Here, to study whether LAMP2A localization depends on the cystine transporter activity of CTNS, we used the mutant CTNS K280R with abolished cystine transporter activity ( Fig.  2A ). This mutation is manifested in patients with cystinosis and produces a protein that, although unable to reduce lysosomal overload, retains lysosomal localization (5) . Both wild-type CTNS and its mutant CTNS K280R localize at LAMP1-positive structures in both wild-type and cystinotic cells ( Fig. 2, B-D) . We analyzed the localization of endogenous LAMP2A in wildtype, cystinotic, and cystinotic cells expressing exogenous wildtype CTNS or the CTNS K280R mutant and show that the expression of either wild-type protein or CTNS K280R equally rescues the LAMP2A localization-defective phenotype in cystinosis ( Fig. 2 , C and D), suggesting that cystinosin itself is a cofactor necessary for LAMP2A sorting or trafficking. Further confirmation of these results comes from quantitative analysis showing that although the colocalization of LAMP1 and LAMP2A is impaired in cystinotic cells, this defect is corrected when the expression of either wild-type CTNS or the CTNS K280R mutant is reconstituted in cystinotic cells ( Fig. 2E) . Thus, the observation that CTNS and CTNS K280R are similarly effective in rescuing the defective phenotype further supports the idea that CTNS mediates important lysosomal functions in addition to, and independently of, its role as the only cystine transporter in the lysosome.
Next, to better understand the molecular mechanism of CTNS-mediated LAMP2A localization at the lysosomal membrane, we analyzed the effect of the CTNS isomeric form CTNS-LKG on LAMP2A subcellular distribution. In CTNS-LKG, the canonical tyrosine-based motif (GYDQL) located in the C-terminal tail is replaced by a 38-amino acid stretch (22, 23) . In Fig. 2 , E and F, we show that similar to CTNS and CTNS K280R , CTNS-LKG rescues the LAMP2A mislocalization A, immunofluorescence analysis of mouse PTCs, identified by the expression of the apical receptor megalin (pink), shows that in contrast to WT PTCs (left panels), Ctns Ϫ/Ϫ PTCs (right panels) have apical (yellow arrows) but not basal (red arrows) localization of LAMP2A. Representative images from 45 and 37 fields analyzed from two wild-type and three Ctns Ϫ/Ϫ mice, respectively. B, LAMP2A mislocalization is associated with increased accumulation of the CMA substrate GAPDH in Ctns Ϫ/Ϫ PTCs. Quantification of fluorescence intensity from 39 and 47 fields analyzed from two wild-type and three Ctns Ϫ/Ϫ mice. All fields were randomly selected by "tiling and stitching." C, super-resolution microscopy analysis of LAMP1 (red) and LAMP2A (green) distribution in wild-type and Ctns Ϫ/Ϫ lysosomes. The arrows show LAMP2A localization adjacent to LAMP1 molecules in wild-type cells. Arrowheads show LAMP2A molecules at micro-domains distant from LAMP1 molecules. D, quantitative analysis of the distribution of LAMP2A relative to LAMP1 molecules as determined by STORM. Quantification of the distance between LAMP1 and LAMP2A centroids was performed as described under "Materials and methods." A total of 30,486 and 13,985 LAMP1-LAMP2A pairs were analyzed for WT and Ctns Ϫ/Ϫ cells, respectively. Results are expressed by binning the distance between pairs in 25-nm increments and plotted as a percentage of total pairs at the given distance for each cell. A total of three cells for each condition were analyzed. dSTORM images were processed using Nikon software to correct for drift during acquisition as described under "Materials and methods." Mean Ϯ S.E. *, p Ͻ 0.05. E, schematic representation of lysosomal isolation and in vitro CMA assay. The scheme represents the analysis of CMA activity (red box) and CMA substrate translocation into the lysosomal lumen (green box). F, lysosomes were isolated from livers of starved wild-type (WT) and Ctns Ϫ/Ϫ mice, and CMA activity was measured by incubation for 30 min with the CMA substrate GAPDH. GAPDH degradation was analyzed by Western blotting. CMA activity was measured by analysis of the remaining levels of GAPDH in the full reaction (maximal degradation, red box in E). Controls consisting of reactions performed in the absence of ATP (which is necessary for CMA activity) or in the presence of protease inhibitors (Protease Inhib.) were run in parallel. Quantitative densitometry results are shown. Mean Ϯ S.E. (n ϭ 7). NS, not significant (unpaired t test). G, CMA reactions were carried out in the presence or absence of protein inhibitors; then lysosomes were pelleted (green box in E); and the amount of GAPDH bound to the lysosomal membrane and/or internalized into the lysosomal lumen were assessed by Western blotting. Quantitative densitometry analysis shows the ratio between the amounts of GAPDH in the presence of protease inhibitors (P.I.) (bound and internalized GAPDH) versus in the absence of protease inhibitors (no P.I.) (bound GAPDH). Results are mean Ϯ S.E. (n ϭ 4). *, p Ͻ 0.05 (unpaired t test). phenotype demonstrating, for the first time, a cystine transporter-independent function for this isoform.
To directly analyze whether CTNS regulates LAMP2A trafficking, LAMP2A dynamics were studied using a high-sensitivity microscopy approach, pseudo-TIRFM, widely used in our and other laboratories to study vesicular trafficking (24, 25) . Different from conventional TIRFM, pseudo-TIRFM facilitates the analysis of organelles that may not necessarily be in areas adjacent to the plasma membrane, while maintaining an excellent signal to background ratio ( Fig. 3A) (26) . For this assay, we use a construct for the expression of LAMP2A as an mCherrytagged protein (generous gift from Dr. Santiago Di Pietro) ( Fig.  3B ) that does not interfere with LAMP2A localization (27) , but because its C-terminal tag interferes with substrate recognition, it does not rescue CMA. Our quantitative vesicular dynamics analysis demonstrates that LAMP2A trafficking is defective in Ctns Ϫ/Ϫ cells (Fig. 3 , C and D, and supplemental Movies 1 and 2). Thus, we show that in the absence of CTNS, LAMP2A-positive vesicles move at a relatively slow speed (Fig.  3D ). In addition, we observed a significantly increased number (24, 25) . Different from conventional TIRFM, pseudo-TIRFM facilitates the analysis of organelles that may not necessarily be in areas adjacent to the plasma membrane (beyond 100 nm), while maintaining an excellent signal to background ratio (26) . B, schematic representation of the LAMP2A protein used in trafficking studies. The C terminus of LAMP2A was tagged with mCherry. The mCherry tag in this position does not affect LAMP2A localization (27) . C, representative images of cells used in trafficking studies. Scale bar, 10 m. D, quantitative analysis of the trafficking of LAMP2A in wild-type (WT), Ctns Ϫ/Ϫ , or Ctns Ϫ/Ϫ cells reconstituted with either wild-type GFP-CTNS or with its mutant GFP-CTNS K280R . Histograms represent the speeds of mCherry-LAMP2A-containing organelles in wild-type cells and cystinotic cells expressing either wild-type CTNS or the mutant CTNS K280R . The speeds for the independent vesicles were binned in 0.02-m/s increments and plotted as a percentage of total vesicles for a given cell. Results are represented as mean Ϯ S.E. from 20 WT cells, 20 Ctns Ϫ/Ϫ cells, or 20 and 20 Ctns Ϫ/Ϫ cells expressing either wild-type CTNS or CTNS K280R , respectively. The statistically significant differences between the groups are indicated in the figure.
of LAMP2A-positive vesicles with motility restriction (speed under 0.08 m/s) in Ctns Ϫ/Ϫ cells, thus supporting a possible role for cystinosin in LAMP2A trafficking. Next, to analyze whether the cystine transporter activity of CTNS is important for restoring LAMP2A trafficking, we performed rescued experiments with the CTNS wild-type protein and with the CTNS disease-associated point mutant CTNS K280R . In Fig. 3D , we show that both wild-type CTNS and the transporter-deficient mutant CTNS K280R rescue the LAMP2A trafficking-defective phenotype in cystinotic cells (see also supplemental Movies 3 and 4). The defect is not related to cytoskeleton disarray, because super-resolution microscopy analysis shows normal microtubule distribution in Ctns Ϫ/Ϫ cells (supplemental Fig. S1 ).
To further understand a possible cross-regulation between CTNS and LAMP2A, we next asked whether LAMP2A may be necessary for CTNS trafficking and localization. To this end, we utilized embryonic fibroblasts from LAMP2A-KO mice (MEFs) ( Fig. 4A) (28, 29) in trafficking and lysosomal protein localization analysis. We analyzed the subcellular localization of CTNS related to that of LAMP1 and show that LAMP2A is not needed for the proper localization of CTNS at lysosomal structures (Fig. 4B ). In agreement with this observation, the vesicular dynamics of CTNS-positive vesicles is not affected by the absence of LAMP2A expression ( Fig. 4 , C and D), suggesting that whereas CTNS is important for LAMP2A trafficking, LAMP2A is dispensable for the correct subcellular localization of CTNS.
Different from the classical distribution of LAMP2A at perinuclear lysosomes, LAMP2A localization in cystinotic cells is characterized by its distribution at small puncta present throughout the cystinotic cells. We have previously shown that LAMP2A localizes at Rab11-positive vesicles in cystinosis cells but not in wild-type cells (19) , indicating that the small puncta correspond to Rab11-intermediate carrier vesicles. This is also supported by our previous studies showing that non-lysosomal LAMP2A is not present in VAMP7-positive vesicles and is not retained in the endoplasmic reticulum but colocalizes with Rab11-positive vesicles instead (19) .
To analyze the mechanisms that may lead to defective LAMP2A trafficking, we next hypothesized that impaired Rab11-positive vesicle trafficking may be responsible for the defective LAMP2A dynamics. To test this hypothesis, we first analyzed Rab11 expression in wild-type and Ctns Ϫ/Ϫ cells. Quantitative immunoblotting analysis shows that Rab11 expression is down-regulated in cystinotic cells ( Fig. 5A ). Tran- scriptional regulatory pathways are important to both improve cell function in cystinosis (14) and up-regulate CMA (8) . In particular, up-regulation of transcription factor EB (TFEB) rescues some lysosomal abnormalities in cystinosis (30) . Furthermore, recently described CMA activators (atypical retinol derivatives) that operate through the release of the endogenous inhibition of the retinoic receptor-␣ signaling pathway over CMA, up-regulate LAMP2A expression and enhance CMA activity (31) . To study whether Rab11 expression could be rescued by TFEB up-regulation or CMA activation, we treated Ctns Ϫ/Ϫ cells either with genistein, a natural isoflavone present in soy, that activates TFEB (32) or with the CMA activator QX77 (for structure, see United States Patent 9512092 B2) derived from the original AR7 (31) . We found that QX77 but not genistein induces the up-regulation of Rab11 expression to the levels observed in wild-type cells ( Fig. 5A ). Of note, QX77 but not genistein also up-regulates LAMP2A expression.
Next, to better understand the defective mechanism induced by the observed Rab11 down-regulation in cystinosis, we analyzed Rab11 trafficking using a GFP-Rab11 chimera transiently expressed in wild-type and cystinotic MEFs. We show that Rab11-positive vesicles are characterized by decreased motility in Ctns Ϫ/Ϫ cells (Fig. 5B ) thus linking for the first time CMA defects with impaired vesicular trafficking. Importantly, treatment of cystinotic cells with the CMA activator QX77 shows that Rab11-positive carrier vesicles recover the high-motility trafficking phenotype observe in wild-type cells (Fig. 5B ).
To determine whether the QX77 effect was dependent on LAMP2A, we next down-regulated LAMP2A expression in wild-type and Ctns Ϫ/Ϫ cells using largely validated (shRNAs) ( Fig. 5C ). Rab11 vesicular trafficking was rescued by the CMA activator QX77 in cystinotic cells expressing LAMP2A but not in cells down-regulated for the CMA receptor ( Fig. 5B ), suggesting that CMA up-regulation is necessary to stabilize the Rab11-dependent trafficking machinery to then facilitate further Rab11-dependent LAMP2A trafficking.
LAMP2A traffics to the lysosome via several different pathways (33) , therefore to dissect the mechanisms responsible for the defective LAMP2A trafficking in cystinosis, we performed mRNA array quantitative analysis using kidneys from wild-type and cystinotic mice. These studies (the full RNA array will be published in a separate work) have identified the down-regulation of the Rab11 effector Rab11-FIP4 (Rab11 Family Interacting Protein 4) in cystinosis, supporting our observations that Rab11-dependent trafficking is defective in this disease. In addition, we found that the expression of the Rab7 effector and late endosome trafficking regulator RILP (Rab-interacting lysosomal protein) was significantly down-regulated in cystinosis (both, p Ͻ 0.01, n ϭ 6) ( Fig. 6A ). Because a significant population of LAMPs traffic to the lysosome via the endocytic pathway (34), we aim to establish whether RILP could regulate LAMP2A trafficking either using the Rab11-dependent or -independent pathways in cystinosis. Quantitative RT-PCR confirmed the down-regulation of Rilp RNA in cystinotic fibroblasts (Fig. 6B) , and Western blot analysis of MEFs confirmed that RILP expression, but not the expression of its binding partner Rab7, is decreased in cystinotic cells (Fig. 6C) . Importantly, the expression of RILP but not the dominant-negative deletion mutant of Differently from that observed for Rab11, RILP expression was up-regulated by genistein but not by the CMA activator QX77 (Fig. 7A ), suggesting that the up-regulation of TFEB, a CMA-independent mechanism, may have indirect implications on CMA through the regulation of vesicular trafficking in these cells. To establish a possible expanded mechanism mediated by TFEB on vesicular trafficking regulation, we next studied the distribution of LAMP1-positive organelles in wild-type and Ctns Ϫ/Ϫ cells expressing exogenous TFEB. First, we showed that similar to that observed in PTCs (30) , endogenous TFEB is down-regulated in Ctns Ϫ/Ϫ mouse fibroblasts (Fig. 7B ). Next, we transfected cystinotic cells with either wild-type TFEB or with its constitutively active point mutants TFEB-S3AR4A lacking the N-terminal phosphorylation and 14-3-3-binding site (35) , shown previously to mediate transcriptional activity (36) . Constitutively active TFEB showed a clear nuclear localization (Fig. 7C ). The expression of wild-type TFEB or TFEB-S3AR4A increased the perinuclear distribution of both LAMP1 Figure 6 . RILP is down-regulated in cystinosis and its expression rescues LAMP2A trafficking. A, differential gene expression between wild-type and Ctns Ϫ/Ϫ kidneys from six independent mice was analyzed using a mRNA array as described under "Materials and methods." From the 28,853 genes used for random variance estimation 3,260 were found to be significantly different between classes at the nominal 0.001 level of the univariate test. One of these genes, Rilp, a Rab7-binding protein involved in lysosomal trafficking, was significantly down-regulated (fold change indicates gene expression in Ctns Ϫ/Ϫ kidneys versus wild-type controls). The values observed for the Ctns gene are included as control. B, qRT-PCR analysis confirmation of Rilp down-regulation in Ctns Ϫ/Ϫ mouse fibroblasts. Mean Ϯ S.D. C, Western blot analysis confirmed that RILP, but not its binding partner Rab7, is down-regulated, at the protein level, in cystinotic MEFs. D and E, RILP expression rescues LAMP2A trafficking in cystinotic cells. Wild-type (WT) or Ctns Ϫ/Ϫ MEFs were transfected with mCherry-LAMP2A. Where indicated, the cells were co-transfected for the expression of RILP or RILP-C33 (a truncated form of the protein lacking the N-terminal half). LAMP2A vesicular trafficking was performed by pseudo-TIRFM as described in Fig. 3 legend and and LAMP2A (Fig. 7C ), a phenotype that recapitulates that observed in cells overexpressing RILP and also similar to what occurs when Rab7Q67L is expressed (37) . These studies suggest that the transcription factor TFEB regulates lysosomal distribution most likely through the up-regulation of RILP. Next, to analyze whether TFEB up-regulation affects LAMP2A localization, we treated wild-type and cystinotic cells with the natural isoflavone genistein that has a direct effect on TFEB activation (32) . Although genistein treatment had no effect on LAMP2A expression (30) , it markedly and significantly increased LAMP2A colocalization at LAMP1-positive structures in cystinotic cells (Fig. 7D ) further supporting our previous study (30) that TFEB up-regulation may be beneficial in cystinosis, likely by the transcriptional up-regulation of trafficking regulatory proteins.
To directly analyze whether the up-regulation of Rab11-or Rab7-dependent vesicular trafficking mechanisms have a positive effect on the re-localization of LAMP2A to LAMP1-positive organelles in cystinosis, we next expressed the constitutively active mutants of these Rab-GTPases, Rab11Q70L and Rab7Q67L, into cystinotic cells and measured LAMP2A/ LAMP1 colocalization by immunofluorescence. Remarkably, both Rab11 and Rab7 up-regulations significantly increased the localization of the CMA receptor at lysosomes in Ctns Ϫ/Ϫ cells (Fig. 8, A and B) , further supporting that the trafficking mechanisms are important to up-regulate CMA in these cells. Furthermore, the expression of dominant-negative Rab11 or Rab7 GTPases induced significant impairment in LAMP2A trafficking supporting the idea that Rab11 and Rab7 are necessary for the CMA receptor trafficking. However, these dominant-negative GTPases induced different defective phenotypes, with Rab7-DN but not Rab11-DN affecting granules moving at high speed (Fig. 8C ). The observations that either Rab11 or Rab7 up-regulation rescues LAMP2A trafficking and localization together with the data showing that dominant-negative Rab11 and Rab7 mutants induced different defective phenotypes (Fig.  8C ) suggest that these GTPases regulate different trafficking pathways. Of note, neither Rab7-DN nor Rab11-DN induced the accumulation of LAMP2A at the plasma membrane in WT or Ctns Ϫ/Ϫ cells (Fig. 8D) .
CMA activity is an essential mechanism to maintain cellular homeostasis, and CMA activation is part of the cellular response to oxidative stress. Furthermore, blockage of CMA decreases cellular viability following exposure to different prooxidant compounds (10, 38, 39) . We have previously shown that Ctns Ϫ/Ϫ cells have marked up-regulation of the unfolded protein response, ER expansion, and increased susceptibility to oxidative stress (19, 24) . Here, we hypothesized that CMA upregulation may constitute an effective mechanism to restore cellular homeostasis and survival in cystinosis. First, we show that treatment with QX77 corrects the localization of LAMP2A at the lysosomal membrane in cystinotic cells (Fig. 9, A and B) , supporting the idea that CMA activators may correct cell activity in the context of cystinosis, at least in part, by increasing LAMP2A localization at the lysosomal membrane. Of note, the overexpression of CMA-competent LAMP2A, with an untagged C terminus, also partially rescued the defective phenotype (Fig. 9C ). This is explained by the observation that a small pool of LAMP2A localizes at lysosomes in cystinosis, but it also supports that CMA up-regulation facilitates trafficking. We next questioned whether the up-regulation of CMA by QX77 treatment correlated with repaired cell function and tolerance to stress in cystinosis. To this end, the cells were exposed to the oxidative stressor t-butyl hydroperoxide, and cell survival was monitored in cells treated with QX77 or vehicle. We show that QX77 treatment protects cystinotic cells from the increased susceptibility to oxidative stress and reconstitutes the resistant levels observed in wild-type cells (Fig. 9D) . The effect of QX77 on cystinotic cell survival was dependent on LAMP2A expression as the effect was prevented by LAMP2A knockdown (Fig. 9E) . These studies support the idea that repairing CMA by small-molecule CMA activators may constitute a potential novel therapeutic approach in cystinosis.
Discussion
Lysosomal localization of LAMP2A is essential for the proper degradation of substrates through chaperone-mediated autophagy. Here, we demonstrate for the first time a mechanism mediated by the lysosomal transmembrane protein CTNS to facilitate LAMP2A trafficking and lysosomal localization (Fig. 10) . The function of CTNS as a facilitator of trafficking is independent of its cystine transporter activity, because CTNS point mutants that conserve lysosomal localization but lack cystine transporter activity increase LAMP2A trafficking and distribution at the lysosomal membrane as efficiently as the wild-type protein. We also demonstrate that LAMP2A trafficking is regulated by the small GTPases Rab11 and Rab7, and we identified the Rab7 effector RILP as an additional regulator of this process. Down-regulation of both Rab11 and RILP are features of cystinotic cells, where LAMP2A is accumulated at Rab11-positive carrier vesicles. We found that the up-regulation of Rab11 or Rab7/RILP independently leads to the correction of the LAMP2A-mislocalization phenotype in the cystinotic cells. The regulation of the expression of these GTPases is also independently controlled. Thus, TFEB activation up-regulates RILP expression and rescues the localization of LAMP2A at the lysosomal membrane but does not regulate Rab11 expression. In contrast, up-regulation of CMA through treatment with small molecules that revert a repressive transcriptional mechanism on CMA mediated by the retinoic acid receptor-␣ (31) up-regulates Rab11 expression, and it corrects Rab11-dependent trafficking and LAMP2A localization but not RILP expression. Importantly, CMA activators improve cellular function and increase survival to oxidative stress-induced cell death in cystinosis, highlighting CMA as a novel therapeutic target for this lysosomal storage disease.
Here, we show that LAMP2A-positive organelles are characterized by impaired trafficking in cystinotic cells. This defect is specific for LAMP2A because LAMP1 localization at the lysosomal membrane is not affected in cystinosis (19) despite the impaired trafficking of both endocytic intermediate vesicles and late endosomes (24) in Ctns Ϫ/Ϫ cells, thus highlighting LAMP2A-specific trafficking defects in this lysosomal storage disorder. After their synthesis in the ER and trafficking through the Golgi, lysosome-associated membrane proteins, and LAMP2A in particular, utilize several pathways to reach the lysosome (33, 40, 41) . Despite having ER enlargement (24), LAMP2A is not retained in the ER in cystinosis (19) . Instead, we found accumulation of LAMP2A at Rab11-positive vesicles, compartments that have decreased motility in the absence of cystinosin expression, thus linking LAMP2A trafficking with Rab11 function. The delivery of lysosomal membrane proteins to the lysosome through the constitutive secretory pathway and subsequent internalization through the endocytic pathway may require rounds of exocytosis and endocytosis before delivery to lysosomes (33, 42) . It would be tempting to propose the hypoth- esis that Rab11, a GTPase frequently associated with recycling endosome trafficking to the plasma membrane, is involved in the recycling of LAMP2A to the plasma membrane before its delivery to the lysosome through the endocytic pathway. However, neither constitutively active nor dominant-negative Rab11 induced accumulation of LAMP2A at the plasma membrane, and no accumulation of LAMP2A at the plasma membrane was observed in Rab11-deficient cystinotic cells, suggesting that Rab11 regulates the direct delivery of LAMP2A to the lysosome, independently of endosome recycling or other indirect pathways. Rab11-FIP4, is a Rab11 effector that operates in cellular events other than endosomal recycling (43) and whose overexpression condenses endogenous Rab11 in the perinuclear area (43) , thus resembling lysosomal distribution. Interestingly, we found that Rab11-FIP4 expression is down-regulated in cystinotic kidneys (RNA array, fold change: 0.63; p Ͻ 2.8 ϫ 10 Ϫ6 ) thus supporting a possible direct delivery of LAMP2A to the lysosome through a Rab11/Rab11-FIP4-dependent pathway in cystinosis.
Similar to Rab11, the expression of Rab7 or RILP rescued the LAMP2A trafficking/localization-defective phenotype in cystinosis, but expression of their dominant negatives did not induce an overt accumulation of LAMP2A at the plasma membrane suggesting similarity between the two GTPases. However, the observations 1) that up-regulation of Rab11 or Rab7 independently increased the re-localization of LAMP2A at the lysosomal membrane, 2) that Rab7 elicited a more significant improvement of the LAMP2A lysosomal localization than Rab11, and 3) that dominant-negative Rab7 affected the trafficking of a sub-population of vesicles that was not impaired by dominant-negative Rab11 suggest that Rab7 regulates trafficking of a subpopulation of LAMP2A-positive vesicles independently of Rab11. The regulation of the delivery of LAMP proteins to the lysosome by alternative transport pathways using luminal or transmembrane determinants has been proposed (34) . Based on our studies, we propose Rab11, Rab7, RILP, and CTNS as new molecular determinants of the specific machinery for LAMP2A trafficking to lysosomes. LAMP2A trafficking (1-3) . RILP is down-regulated in cystinosis, and its rescue also up-regulates LAMP2A trafficking (2) . In addition, TFEB up-regulation increases LAMP2A localization at the lysosomal membrane despite LAMP2A expression being independent of TFEB (2) . Rab11 is also down-regulated in cystinosis, and this GTPase controls the trafficking of a subpopulation of LAMP2A molecules to the lysosomal membrane (3). Treatment with CMA activator (CA, QX77) rescues Rab11 down-regulation and trafficking deficiency in cystinotic cells (3) . QX77 treatment also increases LAMP2A localization at the lysosomal membrane (4) . As a consequence of LAMP2A mislocalization, the internalization of CMA substrates into lysosomes is defective in CTNS deficiency (5) . In the absence of CTNS, degradation of CMA substrate is defective (6) . The mechanism of CMA is not repaired by decreased lysosomal overload induced by cysteamine treatment (7) .
Antignac and co-workers (5) demonstrate that the sorting of cystinosin to lysosomes requires two molecular signatures, a classical tyrosine-based sorting signal motif (GYDQL) in the C-terminal tail and a conformational signal delineated to a region of the fifth inter-transmembrane loop. The second sorting signal is not well defined, and a mechanism mediated by the dynamic interaction of cystinosin with another lysosomal protein that possesses a sorting motif through the second signal structure of cystinosin has been proposed (5) . Our observations presented here that CTNS rescues LAMP2A trafficking and localization and that CTNS reaches the lysosomal membrane in the absence of LAMP2A suggest that whereas a dynamic interaction between CTNS and LAMP2A may help transport and position LAMP2A at the lysosomal membrane, LAMP2A seems to be dispensable for CTNS trafficking. Thus, our observation that in LAMP2A-knock-out (KO) cells, CTNS traffics and localizes at the lysosomal membrane as efficiently as in wild-type cells, indicates that whereas CTNS affects LAMP2A trafficking, the mechanism is not reciprocal. We also show that CTNS-LKG, a natural isoform of CTNS in which the C-terminal domain, including the targeting sequence GYDQL, is replaced by a longer string of 38 amino acids, rescues LAMP2A localization. These data support the idea that the internal targeting domain and not the C-terminal domain is important for CTNS to mediate LAMP2A localization. The CTNS function as a trafficking modulator of LAMP2A could be explained either by direct interaction of CTNS with LAMP2A to mediate the stabilization of LAMP2A at trafficking intermediate vesicles or by indirect interactions through protein or lipidic mediators. However, direct interaction between CTNS and LAMP2A has not been demonstrated so far, and therefore, it is likely that additional molecules or discrete lysosomal membrane microdomains facilitate the interaction and co-trafficking of these two molecules to the lysosomal membrane.
Although most genetic mutations associated with infantile cystinosis are characterized by a CTNS product with abolished cystine-transporter activity, some discrepancies have been described in which patients with a CTNS protein with negligible transporter activity have a milder manifestation of the disease (5) . In particular, a missense mutation in the conserved amino acid Lys-280 generates a CTNS protein with abolished cystine transporter activity that is nonetheless associated with a mild clinical phenotype of juvenile cystinosis (5) . The observation that this particular mutant localizes at the lysosomal membrane and restores LAMP2A trafficking and localization at the lysosomes strongly indicates that CTNS has significant functions independently of its role as the only known cystine transporter. We propose that the ability of the CTNS K280R mutant to rescue the localization of the CMA receptor LAMP2A is at least in part responsible for the association of this mutant with a relatively mild juvenile cystinosis phenotype, despite its inability to decrease lysosomal cystine overload.
Despite the efficiency of cysteamine in retarding the rate of tissue deterioration (2, 44) , cell malfunction and progressive tissue injury occur regardless of cystine depletion therapy (3), suggesting that cystine accumulation is not the only cause of all the defects in cystinosis (3, 4) . We showed that impaired CMA due to aberrant LAMP2A expression and localization is an important pathogenic factor independent of lysosomal overload in cystinosis, stressing the need for additional treatments to cystine-depletion therapies (19) . Importantly, cystinotic cells are susceptible to oxidative stress-induced cell death, and CMA activation is part of the cellular response to oxidative stress because blockage of CMA decreases cellular viability following exposure to different pro-oxidant compounds (10, 29, 38, 39) . Here, to demonstrate that up-regulation of CMA improves cellular function in cystinosis, we treated cystinotic cells with a CMA activator (QX77), which operates through the release of the endogenous inhibition of the retinoic receptor-␣ signaling pathway over the regulation of multiple mechanisms that modulate CMA (31) . Cystinotic cells treated with QX77 showed a rapid and significant improvement in cell function under oxidative conditions in a dose-response manner, further supporting the idea that CMA enhancement has the potential to improve cellular and tissue function in cystinosis.
The observations that LAMP2A trafficking and localization are impaired in cystinosis, and that treatment with CMA enhancers significantly correct LAMP2A localization, support the idea that improved LAMP2A trafficking induced by up-regulation of the CMA transcriptional machinery regulated by CMA activators improve cellular function in cystinosis at least in part by efficiently re-localizing LAMP2A to the lysosomal membrane. The effect of CMA activators was achieved in the absence of cystinosin expression despite the involvement of CTNS in LAMP2A trafficking. These data suggest that these small molecules operate by up-regulating trafficking mechanisms that can compensate, at least partially, for the absence of CTNS. These mechanisms include the up-regulation of Rab11 expression and perhaps also its effectors. Furthermore, because the effect of CMA activators is LAMP2A-dependent, our data indicate that enhanced trafficking is favored by up-regulation of CMA activity not only by increasing LAMP2A availability (31) but also likely by favoring the degradation of oxidized Rab GTPases and effectors that may be CMA substrates themselves. This would favor the stabilization of Rab GTPases through the interaction with newly synthesized Rab effectors. The overexpression of CMA-competent LAMP2A would also favor this mechanism.
In conclusion, vesicular transport and in particular the trafficking of the CMA receptor LAMP2A emerges as a central regulatory pathway necessary to maintain cellular homeostasis in cystinosis.
Altogether, our data have elucidated a mechanism of LAMP2A translocation in cystinosis that is dependent on CTNS function but is independent of its cystine transporter activity. In addition, we demonstrate that LAMP2A trafficking is regulated by Rab11, and RILP, two molecules previously associated with endosomal and lysosomal transport mechanisms and shown here for the first time to be down-regulated in cystinosis. Finally, we propose the idea that functional CMA would attenuate the clinical manifestations in patients with cystinosis. We also propose that the use of CMA enhancers would repair underlying CMA defects in tissues with cystinosis, a mechanism that is not restored by currently used lysosomal depletion therapies.
Materials and methods

Animal models
All animal studies were performed in compliance with the United States Department of Health and Human Services Guide for the Care and Use of Laboratory Animals. All studies were conducted according to National Institutes of Health and institutional guidelines and with approval of the animal review boards at The Scripps Research Institute and University of California, San Diego. The C57BL/6 Ctns Ϫ/Ϫ mice were described before (45) . For CMA activity, C57BL/6 wild-type and C57BL/6 Ctns Ϫ/Ϫ mice were between 8 and 12 weeks old. Neonatal skin fibroblasts from Ctns Ϫ/Ϫ and wild-type mice were prepared by standard procedures (24) . The cells were maintained in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% FBS (Corning Cellgro) and penicillin/streptomycin/glutamine (Life Sciences).
Lysosome fractionation and ␤-hexosaminidase assay
The purification of the lysosomal fractions for CMA assays was performed as we described previously (19) . Briefly, WT and Ctns Ϫ/Ϫ mice were starved for 24 h; livers were collected, homogenized in Tris-buffered 0.25 M sucrose (pH 7.4) in the absence of protease inhibitors, and centrifuged at 6,800 ϫ g for 15 min at 4°C. After washing the pellet with 0.25 M sucrose, the combined supernatants were centrifuged at 17,000 ϫ g 20 min at 4°C. The pellet, which contained the light mitochondria and lysosomal fraction, was then resuspended in 0.25 M sucrose, and mitochondria were precipitated by incubation with 115 M CaCl 2 for 30 min. The supernatants were then centrifuged at 5,000 ϫ g for 10 min at 4°C to pellet the mitochondria. The supernatant, which contains the lysosomes, was collected and centrifuged again at 5,000 ϫ g for 10 min at 4°C to ensure purity. The supernatant was retained and centrifuged at 17,000 ϫ g for 20 min at 4°C to pellet the lysosomes. The lysosomes were then resuspended in reaction buffer (10 mM MOPS (pH 7.3), 0.25 M sucrose, 5.4 M cysteine, 1 mM DTT). Lysosomal integrity was verified by comparative analysis of ␤-hexosaminidase activity for intact lysosomes or 1% Triton X-100-lysed lysosomes (19) . ␤-Hexosaminidase activity was measured using the membrane-impermeant fluorogenic substrate 4-methylumbelliferyl-N-acetyl-␤-glucosaminide dehydrate (Sigma M2133) as described previously (5) . Only lysosomes with an integrity of Ͼ85% were used in subsequent assays.
CMA assay
CMA assays were performed as described before (19) . Briefly, 25 g of purified lysosomes were incubated for 30 min at 37°C with 2 g of purified recombinant GAPDH (Sigma), 10 l of "6ϫ energy-regenerating system" (60 mM MgCl 2 , 60 mM ATP, 12 mM phosphocreatine, 30 g of creatine phosphokinase, in 0.25 M sucrose (pH 7.4)), 0.6 g of Hsc70 (Enzo Life Science) and brought up to 60 l with reaction buffer (10 mM MOPS (pH 7.3), 0.25 M sucrose, 5.4 M cysteine, 1 mM DTT). Control conditions were run in parallel with either no lysosomes, no energy-regenerating system, or by addition of EDTA/protease inhibitor mixture (Roche Applied Science). After incubation at 37°C for 30 min, a fraction (15%) of the CMA reactions was mixed with sample buffer and boiled at 95°C for 5 min, followed by SDS-PAGE and GAPDH immunoblotting. For substrate translocation assays, the reactions were spun down to separate lysosomes from their supernatants, and 35% of the lysosomal fraction was analyzed by immunoblotting as described above.
Constructs, transfections, and transductions
The following vectors were purchased from Addgene: TFEB-EGFP, TFEB-EGFP-␦30, TFEB-EGFP-S3AR4A (35) , DsRed-Rab7-DN, and GFP-Rab11-DN. The RILP expression vectors (37) , GFP-Rab11, GFP-Rab11QL, and GFP-Rab7QL were described before (46) . The expression vector for LAMP2A-mCherry was a gift from Dr. Santiago Di Pietro and was described before (27) . The pCCL plasmid for lentiviral expression of GFP-CTNS was described previously (19) . Lentiviruses expressing GFP-CTNS, GFP-CTNSK280R, and GFP-CTNS-LKG were described before (47) . Lentiviral mouse LAMP2A shRNA was described before (48) . The transduction of lentiviral vectors in Ctns Ϫ/Ϫ and wild-type cells was performed as described (19) .
Gel electrophoresis and immunoblotting
Cells were lysed in lysis buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl, and 1% Triton X-100 in the presence of protease/inhibitor (Roche Applied Science) and phosphatase/ inhibitor (Calbiochem) mixtures. Following electrophoresis using 4 -12% gradient gels (Life Sciences), proteins were transferred onto 0.45-m nitrocellulose membranes, and the membranes were incubated overnight in the indicated primary antibodies and then incubated with HRP-conjugated secondary antibodies. The blots were developed using SuperSignal West Pico, Dura, or Femto chemiluminescence substrate systems (Thermo Fisher Scientific). Transferred proteins were visualized using Hyperfilm (Amersham Bioscience). The following antibodies were used for immunoblotting in this study: rat anti-LAMP1 (Santa Cruz Biotechnology, sc-19992); rabbit anti-LAMP2A (Abcam, ab18528) for immunofluorescence; rabbit LAMP2A (Thermo Fisher Scientific, 51-2200) for Western blotting; rabbit anti-actin (Sigma, A2066); rabbit anti-GAPDH (Gene Tex); goat anti-RILP (Santa Cruz Biotechnology, sc-82746); rabbit anti-Rab7 (Cell Signaling, 9367); rat anti-tubulin (Millipore, MAB1864); goat anti-LAMP1 (R&D Systems, AF4320); rabbit anti-TFEB (Bethyl, A303-673A); and mouse anti-KDEL (Enzo Life Sciences, ADI-SPA-827).
Immunofluorescence, immunohistochemistry, and confocal analysis
Wild-type and Ctns Ϫ/Ϫ cells were seeded on untreated number 1.5 borosilicate coverglass (Corning). Where indicated cells were starved as described above, then fixed with 4% paraformaldehyde, and blocked with 1% BSA in PBS in the presence of 0.01% saponin. Samples were labeled with the indicated primary antibodies overnight at 4°C in the presence of 0.01% saponin and 1% BSA. Samples were washed and subsequently incubated with the appropriate combinations of Alexa Fluor (488, 568, 594, or 647)-conjugated donkey anti-rabbit, anti-rat, or anti-mouse secondary antibodies (Life Sciences).
For immunofluorescence staining, samples were incubated in blocking buffer (1% bovine serum albumin (BSA), 0.01% saponin, PBS) for 1 h. The samples were incubated with primary antibodies overnight at 4°C, washed with PBS, and labeled with Alexa Fluor-conjugated secondary antibodies. Nuclei were stained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI), and samples were preserved in Fluoromount-G reagent (Southern Biotech) and kept at 4°C until analyzed. For tissue immunofluorescence, mouse kidneys were fixed in Z-Fix (Anatech Ltd.) for 24 h and immediately processed with a tissue processor, embedded in paraffin, cut with a microtome at 3 m, and mounted on slides. Dewaxing and antigen retrieval was performed by standard procedures, and staining was performed as described above. Samples were analyzed with a Zeiss LSM 710 laser-scanning confocal microscope attached to a Zeiss Observer Z1 microscope at 21°C, using a ϫ63 oil Plan Apo, 1.4-numerical aperture objective. Images were collected using ZEN-LSM software and processed using ImageJ and Adobe Photoshop CS4. Analysis and quantification of protein colocalization were achieved by ImagePro software. The following primary antibodies were used for immunofluorescence in this study: rat anti-LAMP1 (1D4B, Santa Cruz Biotechnology); goat anti-mLAMP1 (AF4320 R&D Systems); rabbit anti-LAMP2A (9); goat anti-megalin (sc16478, Santa Cruz Biotechnology); and anti-GAPDH (GeneTex GTX627408).
Super-resolution microscopy
STORM samples were prepared by labeling cells with anti-LAMP1 1D4B, Santa Cruz Biotechnology, and rabbit anti-LAMP2A (15-amino acid cytosolic tail) (11), primary antibodies, and Alexa Fluor-647 anti-rat and Alexa Fluor-488 anti-rabbit secondary antibodies. Samples were suspended in freshly prepared STORM buffer (50 mM Tris (pH 8.0), 10 mM NaCl, 10% glucose, 0.1 M mercaptoethanolamine (cysteamine; Sigma), 56 units/ml glucose oxidase (from Aspergillus niger, Sigma), and 340 units/ml catalase (from bovine liver, Sigma)) and imaged on a Nikon Ti super-resolution microscope. Samples were imaged using a ϫ100 1.49 NA Apo TIRF objective either with or without TIRF illumination. Images were collected on an ANDOR IXON3 Ultra DU897 EMCCD camera using the multicolor continuous mode setting in the Nikon Elements software. Power on the 488-and 647-nm lasers was adjusted to enable collection of between 50 and 300 molecules per 256 ϫ 256 camera pixel frame at appropriate threshold settings for each channel. Collection was stopped after a sufficient number of frames were collected (usually yielding 1-2 million molecules), and the super-resolution images were reconstructed with the Nikon STORM software. Positions of individual molecules have been localized with high accuracy by switching them on and off sequentially using the 488-and 647-nm lasers at appropriate power settings. The positions determined from multiple switching cycles can show a substantial drift over the duration of the acquisition. This error is considerably reduced by calculating and correcting for sample drift over the course of the experiment by an auto-correlation method used by the Nikon software. This is done by correlating STORM images reconstructed from subsets of localizations at different time segments to that from the beginning of the acquisition (49) . Axial drift over the course of the acquisition is minimized by engaging the Nikon perfect focus system. The precision of the localization during a switching cycle is calculated using the Nikon software from the point spread function and the photon count using molecules that are well separated in the sample itself, as well as Alexa Fluor 488-and Alexa Fluor 647-labeled IgG molecules spread on coverslips, and the values (21 nm for Alexa Fluor 488 and 18 nm for Alexa Fluor 647) are in agreement with those reported previously (49, 50) . A Gaussian fit was used to localize the position of each event to the final superresolution image. For super-resolution studies on the distributions of sparsely distributed molecules as those presented in this study, the Nyquist resolution is not necessarily relevant, because the molecular structure itself does not allow a high labeling density (51) . High resolution images, fully calibrated, were imported into Imaris, and the images were analyzed and quantified as described before using Imaris (Bitplane Inc.) (46) .
TIRF microscopy
TIRF microscopy experiments were performed using a ϫ100 1.45 numerical aperture TIRF objective (Nikon) on a Nikon TE2000U microscope custom-modified with a TIRF illumination module as described (25) . Images were acquired on a 14-bit cooled charge-coupled device camera (Hamamatsu) controlled through NIS-Elements software. For live experiments, the images were recorded using 300 -500-ms exposures depending on the fluorescence intensity of the sample. The images were then analyzed using Imaris as described before (52).
Analysis of cell survival to oxidative stress
Metabolic activity was determined by the MTT assays as described before (53) . MRFs were seeded onto 96-well plates at 20,000 cells/well and grown for 24 h. The following day, MEFs were replenished with fresh culture medium containing 10% dialyzed FBS and preincubated with QX77 or vehicle (DMSO) 48 h before the addition of tert-butyl hydroperoxide. This chemical oxidant was added at concentrations that had been found to kill more than 80 -90% of the Ctns Ϫ/Ϫ cells in previous dose-response assays. After an overnight incubation, cell viability was determined by a modified version of the MTT assay (53) . The assay was performed by removing the cell culture medium and replacing it with 100 l of fresh culture medium containing 5.0 mg/ml MTT. After 4 h of incubation at 37°C, cells were solubilized overnight with 100 l of a solution containing 50% dimethylformamide and 20% SDS (pH 4.7). The absorbance at 560 nm was measured with a microplate reader (Spectromax 190; Molecular Devices Corp., Sunnyvale, CA). To ensure that the spectrophotometric readings correlated with cell viability, all cells were examined by microscopy before the addition of the MTT. Each experiment was performed at least three times. For each concentration of a specific compound, three wells were analyzed. Background absorbance values consisted of blank wells (with no cells) into which medium, MTT dye, and solubilization buffer were added. The background readings were subtracted from the average absorbance readings of the treated wells to obtain an adjusted absorbance reading that represented cell viability. This reading was divided by the adjusted absorbance reading of untreated cells in control wells to obtain the percentage of cell survival. To determine the efficacy, potency, and EC 50 values of the compounds of interest, the dose-response data were analyzed (Prism 4 software; GraphPad, San Diego).
Gene expression microarray analysis
Sixteen-month-old C57BL/6 wild-type (n ϭ 6) and Ctns Ϫ/Ϫ (n ϭ 6) mice were euthanized, and their liver, muscle, spleen, and kidney were immediately removed and stored at Ϫ80°C in RNA Later (Life Technologies, Inc.). Tissues were subsequently ground using Precellys 24 (Bertin Technologies, Rockville, MD), and RNA was isolated using the Qiagen AllPrep DNA/ RNA Mini kit (Qiagen, Valencia, CA). The RNA was run on a Bioanalyzer (Agilent, Santa Clara, CA) for quantification and quality assessment. The Ambion WT expression kit was used to generate double-stranded biotinylated cDNA, and the Affymetrix HT WT terminal labeling kit was used to prepare the cDNA for hybridization to Affymetrix GeneChip Mouse Gene 1.1 ST arrays (Affymetrix, Santa Clara, CA). The data were collected as CEL files, and quality control analysis was performed with the Affymetrix Expression Console. Normalized signal intensities were generated with Robust Multichip Average, which employs a background adjustment and quantile normalization strategy. Genes without an average log 2 -transformed signal above 6 in either the wild-type or Ctns Ϫ/Ϫ group were removed from further analysis. Class comparisons of variance by two-way t tests for two sample comparisons (p Ͻ 0.001) were performed using BRB-ArrayTools (http://linus.nci.nih. gov/BRB-ArrayTools) to identify the set of significantly differentially expressed genes between wild-type and Ctns Ϫ/Ϫ mice in each tissue.
qRT-PCR
Quantitative RT-PCR RNA was isolated from wild-type or Ctns Ϫ/Ϫ mouse fibroblasts using the RNeasy mini-kit for RNA purification (Qiagen), which includes gDNA-eliminator columns. A total of 100 ng of RNA for each cell line was reversetranscribed (RT) using iScript cDNA synthesis kit (Bio-Rad). Quantitative RT-PCR was performed using QuantiTect SYBR Green PCR mix (Qiagen), with the following primer mixes: mouse RILP, RILP-qPCR forward, TTCCAGCGAGAGCTGC-TCAC, and RILP-qPCR reverse, CATCCTCACTGCTCTC-TGC; mouse ␤-actin forward, CATTGTTACCAACTGGG-ACG, and mouse ␤-actin reverse, CAGAGGCATACA-GGGACAG.
Statistical analysis
Data are presented as means, and error bars correspond to standard errors of the means (S.E.), unless otherwise indicated. Statistical significance was determined using the unpaired Student's t test using GraphPad InStat (version 3) or GraphPad Prism (version 6) software, and graphs were made using GraphPad Prism (version 6) software. p values Ͻ0.05 were considered statistically significant.
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